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The spectroscopic diagnostic technique of two photon absorption laser-induced fluores- 
cence (TALIF) of atomic species has been applied to single-point measurements of velocity 
and static temperature in the NASA Ames Interaction Heating Facility (IHF) arc jet. Excita- 
tion spectra of atomic oxygen and nitrogen were recorded while scanning a tunable dye laser 
over the absorption feature. Thirty excitation spectra were acquired during 8 arc jet runs at 
two facility operating conditions; the number of scans per run varied between 2 and 6. 
Curve fits to the spectra were analyzed to recover their Doppler shifts and widths, from 
which the flow velocities and static temperatures, respectively, were determined. An increase 
in the number of independent flow property pairs from each as-measured scan was obtained 
by extracting multiple lower-resolution scans. The larger population sample size enabled the 
mean property values and their uncertainties for each run to be characterized with greater 
confidence. The average ±2 a uncertainties in the mean velocities and temperatures for all 8 
runs were ±1.4% and ±11 %, respectively. 


I. Introduction 

H igh enthalpy arc-heated and plasma facilities simulate the aerothermal heating environment encountered by 
hypervelocity and atmospheric entry vehicles. These facilities are used for screening, evaluation, and accep- 
tance testing of thermal protection materials. Accurate knowledge of facility performance is critical for understand- 
ing the differences between the ground test and flight environments, validating high-fidelity computational simula- 
tions of the test environment, and designing experiment protocols to meet program requirements 1 . Development of 
optical techniques for characterizing these facilities of has been an active area of research for many years. 2,3 Emis- 
sion, laser absorption, and laser-induced fluorescence spectroscopy techniques have been applied for measurements 
of atomic and molecular species. 4 " 18 The quantities measured can be related to gas dynamic and thermochemical 
properties of the free stream, such as temperature, velocity, species concentrations, enthalpy, as well as revealing the 
degree thermochemical nonequilibrium. 5 ' 7 

Laser-induced fluorescence (LIF) of atomic oxygen and nitrogen has proven to be a powerful technique for flow 
property measurements in the NASA Ames Aerodynamic Heating Facility, 4 " 8 a 20 MW large-scale arc jet. The 
number of LIF systems devoted to arc-heated and plasma facilities has expanded in the last several years in the 
United States, 9 Europe, 10 " 13 and Japan. 14 " 16 A new, state-of-the-art LIF system was developed for the 60 MW Interac- 
tion Heating Facility (IHF) arc jet 19 at Ames. After a series of integrated systems tests, the IHF LIF system was used 
in a dedicated facility characterization test series. 

Unlike laboratory or small-scale test facilities, the Ames arc jets require significant commitment of resources for 
their operation. Test runs are scheduled and highly scripted to minimize the amount of arc-on time necessary to meet 
test objectives. Improvised evaluation and optimization of LIF system performance, while often appropriate in labo- 
ratory or small-scale facilities, is not a prudent use of an expensive facility. The design of the IHF LIF system was 
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motivated by the need to maximize utility of and 
minimize effort devoted to instrument operation. 
The data obtained from this test series was used to 
evaluate data acquisition and analysis methods. In 
this paper, we report the first free stream 
temperature and velocity measurements obtained 
with LIF of atomic oxygen and nitrogen in the IHF 
arc jet. Uncertainties in the flow properties were also 
characterized using two different data reduction 
approaches. The results will aid in optimizing 
instrument performance and establishing best 
practices for future LIF measurements. 

II. Arc jet flow property measurement using 
laser-induced fluorescence 

Two photon absorption LIF (TALIF) 
spectroscopy and its application to nonintrusive gas- 
phase diagnostics for arc jet flows have been 
described previously. 2 * 4 " 8,20 Light from a tunable 
ultraviolet laser source excites the targeted atomic 
species through the simultaneous absorption of two photons. The excited state emits, or fluoresces, a near-infrared 
photon as it decays to an intermediate state. The emitted fluorescence is imaged onto a photodetector, and the fluo- 
rescence signal is recorded as the tunable laser is scanned over the absorption feature. The magnitude of the fluores- 
cence signal, integrated in wavelength across the scanned absorption feature, is proportional to the number density 
of the absorbing state and the square of the incident laser pulse energy. The proportionality constant is a product of 
several spectroscopic, geometric, and experimental factors and is determined through calibration. 4 ' 8,13,21,22 The 
TALIF processes for atomic oxygen and atomic nitrogen are shown in Fig. 1. 

A schematic of the TALIF application to an arc jet flow is shown in Fig. 2. The excitation beam crosses the flow 
axis at a non-normal angle. The fluorescence excited along the beam path is collected from a small volume defined 
by the intersection of the laser beam and the region subtended by the collection optics. The probe volume is aligned 
to a point on the flow axis at a prescribed distance from the nozzle exit. The fluorescence collected from this volume 
is imaged onto a photodetector equipped with spatial, spectral, and neutral density filters. The magnitude of the fluo- 
rescence signal and its temporal decay are recorded as the laser is scanned over the absorption feature. The measured 
excitation lineshape is analyzed to determine the Doppler shift in the absorption waBvelength, Doppler width, and 
integrated signal intensity, from which the flow velocity, temperature, and absolute species density, respectively, can 
be recovered. 4 " 8,20 

Accurate analysis of the TALIF excitation line shape is critical to extracting temperature and velocity from the 
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Figure 1. Excitation and emission paths and participat- 
ing electronic states for two photon laser-induced fluo- 
rescence of atomic nitrogen and oxygen. 



LIF configuration in arc jet Excitation spectrum 

Figure 2. Simultaneous property measurement in the arc jet free stream from the laser-induced fluores- 
cence excitation spectrum. Velocity is obtained from the frequency shift of the absorption feature. Tem- 
perature is obtained from the Doppler broadening of the excitation line shape. 
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laser scans. A stable source of atomic oxygen and nitrogen atoms in the laboratory was created using a microwave 
discharge flow reactor system. The source enabled TALIF measurements under controlled conditions. Line shape 
measurements obtained in the flow reactor were used as references to similar measurements in the arc jet facility. 
The source is described in Section III. 

The line shape observed from two photon excitation is a convolution of the absorption line shape and the auto- 
correlation of the laser spectral profile. 20 The dominant line-broadening mechanism at the thermodynamic condi- 
tions encountered in the flow reactor and arc jet is thermal (Doppler); collisional, Stark (electron/ion-induced), and 
power (laser-induced) broadening were estimated to be negligible. Gaussian line shape functions were therefore 
used for the absorption features. The laser spectral profile was determined to be Gaussian from analysis of the adja- 
cent TALIF excitation line shapes of krypton and xenon 21,22 at the low pressures of the laboratory source. The rela- 
tively large atomic masses of krypton and xenon result in negligible thermal broadening at ambient temperature, and 
the observed TALIF line shapes were fit well by Gaussian line shape functions. 

With both the absorption feature and laser spectral profile approximated by Gaussian line shape functions, the 
two photon excitation line shape function is also Gaussian. The parameters of interest are the line center wavelength, 
A 0 , and the total full-width half-maximum (FWHM) line width, AX toh 

AA to( =A4 + 2AA 2 L (1) 

where AA D is the Doppler width and AA L is the laser line width. The factor 2 of arises from the autocorrelation of the 
laser spectral profile. 20 The Doppler width is a function of the temperature T and atomic mass M, 

AA W = — Js In 2 E- (2) 

c V M 

where c is the speed of light and k is Boltzmann’s constant. 

The laser line width can be extracted from the total width of a Gaussian curve fit to the excitation spectrum 
measured in the flow reactor. The Doppler width is computed using the measured temperature of the flow reactor 
7>- The laser line width is computed from Eq. (1) using the total line width, 


^ tot Jr A A Dfr ^ 

where the subscript fir refers to quantities of the flow reactor excitation spectrum. 

The Doppler width from the arc jet excitation spectrum is computed from the measured total line width and the 
laser line width 



AA Dj(y - = -JaXJ— - 2AA^ . (4) 

Here, the subscript aj refers to the quantities of the arc jet excitation spectrum. Eqs. (3) and (4) can be combined to 
yield AA D ■ in terms of the measured total line widths, 

^^D,aj = tot, aj ~ tot, Jr + ^^D,fr • (5) 


Finally, the temperature of the arc jet free stream T a j was computed from AA D ■ using the inversion of Eq. (2), 


T = 

aj 


1 

Me 2 

8 In 2 

k 


( A A p gj ^ 
^0 } 


( 6 ) 


The temperature is proportional to the square of the Doppler width and thus is particularly sensitive to uncertainties 
in the fitted parameters AA tot j r and AA • . 

The flow velocity vector V ■ induces a Doppler shift <5v of the arc jet transition frequency line center v 0 , 
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where i L is the unit vector of the laser beam path. 8 In terms of the arc jet and flow reactor transition center wave- 
lengths, the magnitude of the arc jet velocity vector at the measurement location is 

V £ Va; - A 0 Jr (g) 

COS(0) A 0/r 

where 6 is the angle between the laser beam vector and the arc jet nozzle center line, which is presumed to be paral- 

Id t« V 

In summary, the six quantities needed to determine the arc jet temperature and velocity are A 0 ^, AX tot j r , A 0 •, 
AA tot, a j > Tfr’ an d 0 - The uncertainties of each can be characterized; the uncertainties in the flow properties can thus 
be computed by propagating these uncertainties through the constitutive expressions derived above. 


III. Experimental configuration 

The IHF arc jet, with a 60 MW arc heater, is the largest and most powerful arc jet facility operating within 
NASA. The IHF’s arc heater operates with air/argon test gas mixtures. The heater produces enthalpies from 7 to 50 
MJ/kg, The facility can be configured with conical nozzles with exit diameters from 15 cm to 104 cm for free jet 
flows, or a semi-elliptic nozzle for wall-bounded shear flows. The IHF LIF system is comprised of several major 
subsystems, each of which was described in detail previously. 19 For completeness, the relevant subsystems will be 
described briefly below. 

A. Laser system and laboratory optical configuration 

The laser system is a pulsed tunable dye laser that is frequency tripled to reach ultraviolet wavelengths between 
approximately 204 nm and 230 nm. A frequency doubled, injection-seeded Nd:YAG laser, operating at 20 Hz, is 
used to pump the dye laser. The maximum pulse energy of the frequency-tripled dye laser output is approximately 4 
mJ, and the pulse duration and spectral bandwidth are approximately 5 ns and 0.15-0.2 cm" 1 , respectively. The laser 
dye used for the N LIF measurements was Rhodamine 640, while LDS 698 was used for the O LIF measurements. 
A high-energy variable attenuator permits continuous control over the pulse energy. Approximately 20% of the UV 
laser beam pulse energy is reserved for frequency and LIF calibration measurements in the laboratory. The remain- 
ing 80% is directed out of the laboratory to the arc jet test cabin. Losses along the transmission path to the measure- 
ment location, primarily due to the multiple turning elements, reduce the maximum pulse energy to approximately 
750 jliJ. 

B. Laboratory flow reactor calibration source 

The laboratory source of atomic species was required as an absorption frequency reference for the Doppler shift 
and width measurements extracted from excitation profiles measured in the arc jet. The flow apparatus was con- 
structed from quartz tubing and fittings, and mass flow controllers regulated prescribed flow rates of gases admitted 
to the flow reactor. A pressure controller and downstream throttle valve maintained a prescribed pressure in the flow 
reactor. A 2.45 GHz microwave generator drives a cylindrical resonator surrounding the quartz tube inlet arm of the 
flow reactor. The generator drives the resonator at 60 W and dissociates a small fraction (approximately 0.2- 1.0%) 
of a metered N 2 or 0 2 flow buffered with helium. The apparatus has optical access windows for the probe beam and 
fluorescence collection. A thermocouple attached near the observation window monitors the gas temperature. Typi- 
cal operating pressures were 0.5 to 1.0 torr (6.65 to 13.3 Pa). 

Laser wavelength calibration was also accomplished using the flow system. Laser wavelengths of adjacent 
TALIF transitions of atomic krypton and xenon 21,22 were measured by introducing buffered mixtures of these gases 
in the flow reactor. Curve fits of the absolute vs. observed transition wavelengths of N and Kr were used to correct 
the laser wavelength scale for subsequent Doppler width and shift analyses of N LIF scans obtained in the arc jet. 
The same approach was used with O and Xe transitions for width and shift analyses O LIF scans. 

C. Integrated optical receiver 

The flow reactor and arc jet LIF signals were collected with integrated receiver systems. Each receiver includes 
secondary imaging optics; spatial, spectral, and neutral density filters; a photodetector; and signal amplification. An 
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Figure 3. Rendering of LIF system beam transmitter and optical receiver hardware for the IHF arc jet 
test cabin. 

aperture at the focus of the primary collection optics restricts the extent of the imaged region of the excitation laser 
beam to 3 mm and 6 mm for the laboratory and arc jet configurations, respectively. Secondary optics within the re- 
ceiver collimate the fluorescence to pass through a filter assembly and focus on the photodetector. The filter assem- 
bly consists of two motorized filter wheels with neutral density and narrowband (~40 nm) spectral filters, respec- 
tively. The center wavelengths of the pass bands of the spectral filters were chosen to coincide with the fluorescence 
wavelengths of the targeted LIF species (N, O, Kr, Xe), which are in the near infrared. 21,22 

D. Arc jet optical configuration 

The optical configuration for the IHF test cabin was configured for single-point TALIF measurements on the 
flow centerline. A perspective rendering of the IHF arc jet test cabin and the LIF beam transmitter and optical re- 
ceiver components is shown in Fig. 3. The beam from the laboratory is directed downward through a two-lens tele- 
scope, turned horizontally, and enters the test cabin through a dedicated window. Mounted on the inside wall of the 
test cabin is an enclosed beam positioner that catches the beam after it passes through the window. The positioner 
directs the beam upstream to intersect the nozzle axis 10” (25.4 cm) downstream of the exit. The beam diameter at 
the probe volume is approximately 1 mm. The standoff distance from the final turning mirror on the positioner to the 
probe volume was 1.74 m. 

The probe volume was defined by the intersection of the beam and collection cone of the imaging optical path. 
The primary objective of the collection optics was attached to a truss mounted to the ceiling inside the test cabin. 
The lens focused the fluorescence from the probe volume through a window on the ceiling of the test cabin. The 
standoff distance from the objective lens to the probe volume was 0.85 m. A mirror located above the window di- 
rects the imaged fluorescence horizontally to an integrated optical receiver. 

E. Experiment control and data acquisition 

An integrated Lab VIEW and MATLAB software solution was developed to remotely operate all subsystems of 
the experiment and record data. The primary quantities of interest for the arc jet temperature and velocity measure- 
ments reported here are the LIF signals from the laboratory flow reactor and arc jet. A 5 Gs/s digital oscilloscope 
was used to acquire the time-resolved LIF signals as the laser was stepped in wavelength over the absorption transi- 
tions. The recorded data products are two-dimensional matrices of LIF signal magnitude vs. laser wavelength and 
vs. time, i.e. S LIF ( A L ,t ) . The flow reactor and arc jet LIF signal channels were recorded simultaneously. For N LIF 
measurements, the flow reactor was operated with a mixture of He and N 2 partially dissociated by the microwave 
discharge; similarly for O LIF, the microwave discharge partially dissociated an 0 2 /He mixture. Pulse averaging was 
employed to improve the signal-to-noise ratio at each laser wavelength step. For the data recorded for this test series, 
the wavelength step size was 0.0004 nm, and 10 pulses were averaged at each wavelength step. 
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Table 1. IHF operating parameters 


Table 2. TALIF measurement test matrix 


Test condition 

Cl (low) 

C2 (high) 

Current (A) 

1980 

5980 

Voltage (V) 

3840 

7010 

Pressure (kPa) 

240 

890 

Air flow rate (g/s) 

200 

740 

Ar flow rate (g/s) 

21 

54 

Add-air flow rate (g/s) 

55 

55 

Bulk enthalpy (MJ/kg) 

14.9 

26.6 


Run number 

Test 

condition 

LIF species 

Number of 
scans 

1 

C2 

N 

2 

5 

Cl 

N 

3 

6 

Cl 

N 

4 

7 

Cl 

N 

6 

8 

C2 

N 

3 

10 

C2 

N 

4 

11 

C2 

O 

3 

12 

C2 

O 

5 


IV. Results 

The TALIF measurements of flow properties were conducted during a test series devoted to facility characteriza- 
tion. The IHF was configured with a 13” (33 cm) nozzle exit diameter. Two test conditions were chosen for this test 
series. Test condition 1 (Cl) generated a moderate (14.9 MJ/kg) average enthalpy. The enthalpy for condition 2 (C2) 
was towards the higher end of the facility range (26.6 MJ/kg). The nominal arc jet heater operating parameters and 
enthalpies are listed in Table 1. 

TALIF data were obtained during eight runs of the test series. Since the laser dyes used for TALIF of N and O 
were different, the laser system needed to be reconfigured when changing target species. Therefore, TALIF meas- 
urements for each run were for either atomic N or O. The first six runs were dedicated for N LIF. The laser configu- 
ration was then changed, and the last two runs were dedicated for O LIF. The number of laser scans per run varied 
between two and six and depended on available time during the run. The total number of scans obtained over the test 
series was 30. Table 2 shows the matrix of run conditions, target species, and number of measurements for the eight 
runs in which LIF was employed. 

The LIF signal data matrices for the flow reactor and arc jet channels were integrated in time over the duration of 
the fluorescence pulses to yield excitation spectra vectors as functions of laser wavelength. Curve fits to the excita- 
tion spectra yielded their respective transition line centers and line widths. As described in Section II, these values 
were then used to compute the temperature and velocity of the arc jet free stream at the measurement location. 


A. Line shape analysis 

The ground and excited electronic states of the two photon absorption transition for nitrogen, 3 p 3 4 Sy 2 <- - 
2 p 3 4 Sy 2 have no fine structure. The observed line shape is represented by a single Gaussian line shape function. Un- 
like the nitrogen atom, however, the oxygen atom ground and excited electronic states coupled by two photon ab- 
sorption do have fine structure. The ground state, 2 p 4 3 Pj , is split into three levels, each of which is coupled to the 
three levels of the 3 p 3 Pj upper state. The absorption cross section for transitions from the J"{ 2) (lowest energy) 



Figure 4. Excitation spectrum of atomic oxygen and 
its curve fit obtained in the laboratory flow reactor 
at a temperature of 323 ± 5 K. The laser line width, 
determined from the curve fit, is also shown. 


ground state fine structure level to the 3 p 3 Pj upper 
state were the largest of the three. 23 The splitting of the 
upper state J' fine structure levels relative to their 
Doppler widths was sufficiently large that the three 
transitions from /"( 2) were partially resolved. The 
relative absorption cross sections and frequency 
differences of the three transitions were obtained from 
the theoretical analysis of Saxon et. al. 24 Figure 4 
shows an excitation spectrum of the /'( 1,2,3) <— /"( 2) 
triplet obtained in the flow reactor at a total mixture 
pressure of 1.0 torr (13.3 Pa) and temperature of 323 ± 
5 K. The curve fit to the spectrum is a superposition of 
the fine structure components, with the relative 
magnitudes of each Gaussian line shape component 
weighted by their relative cross sections. The Doppler 
broadening of each component was computed 
according to Eq. (2). Also shown is a bar representing 
the laser line width determined from the curve fit. 
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Figure 5. Excitation spectra and their curve fits obtained in the laboratory flow reactor and arc jet at test 
condition C2. The Doppler shift bX and Doppler width were used to determine the velocity and temperature, 
respectively, of the arc jet free stream. The flow property uncertainties are ± 2 a values propagated from 
95% confidence limits of the fitted shifts and widths, (a) Nitrogen, (b) Oxygen. 


B. Statistical determination of flow properties 

The 30 excitation spectra pairs obtained during the arc jet runs were analyzed to recover the relevant curve fit pa- 
rameters: A 0 j r , X 0 a j, and AA tot a j. Examples of spectra and curve fits for N and O at test condition C2 are 

shown in Figs. 5a and 5b, respectively. The temperatures and velocities computed from the fitted parameters are also 
noted in each figure. The 95% confidence limits of the fitted parameters were estimated from the goodness-of-fit 
statistics of the nonlinear regression analysis. These limits, along with estimated uncertainties of T fr , and 6 , were 

used to compute the ±2 a uncertainties of the temperature and velocity for each measured spectrum. The uncertain- 
ties propagated in this manner apply only to individual measurements and not the mean of multiple, independent 
measurements. 

Since the number of scans per run was small (between two and six), however, statistical estimation methods do 
not provide meaningful insight into probability distributions of the flow properties determined from those scans. An 
increase in sample size is necessary to compute statistically significant moments (mean, standard deviation of the 
mean) of the measured flow property population for each run. This may be accomplished by extracting multiple 
sparse spectra by sampling equally-spaced points from one scan without resampling. In effect, a high resolution ex- 
citation spectrum is considered to consist of several interleaved but independent lower resolution excitation spectra, 
each of which can be analyzed. The number of points across the feature must be sufficient to obtain a viable curve 
fit, however. This data reduction and analysis approach was explored with the 30 scans of the test series. 

The sparse spectra extracted from the original spectra have effectively larger wavelength step sizes. The conse- 
quences of increasing the wavelength step size on the curve fit parameters (and the flow properties computed from 
them) were examined with one of the excitation spectra pairs. The effective step sizes were increased by integer 
factors of 2 through 10 (0.0008 nm to 0.004 nm), with the same factor decrease in the number of points in the spec- 
tra. The modified spectra were then analyzed following the same curve fitting procedure described above. The O 
LIF spectra of Fig. 5b were used to demonstrate the results of increasing step size. Figure 6 shows one example, 
where the spectra were sampled to a step size of 0.002 nm (5x increase). The curve fits and the flow properties com- 
puted from the fit parameters are also shown. Even with only 20% of the points, the property values are within 6% 
of those from the original spectra, indicating that a small number of points is sufficient to characterize the line shape. 
The results of sampling the original spectra are summarized in Fig. 7, where flow properties and their derived ±2 a 
uncertainties are plotted vs. effective step size. The ranges of fitted laser line width and AA tof j r are indicated for 

comparison with the wavelength step size. The arc jet feature width, AA tot a j, at -0.0057 nm is beyond the scale of 

the plots. The viability of the curve fit breaks down as the step size reaches the total flow reactor line width: the 
number of points in the spectrum that defines that line shape is too few, and the fitted curve no longer approximates 
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Figure 6. Excitation spectra of Fig. 5b after sam- 
pling with an effective laser wavelength step size 
0.002 nm. Curve fits, and the arc jet flow properties 
determined from them, are also shown. 
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Figure 8. Average temperatures and velocities for 
the eight arc jet runs using the second data reduc- 
tion method (see text). The error bars denote the 
±2 o m uncertainties in the sample mean values. 
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Figure 7. Variation of flow properties with effective 
dye laser wavelength step size computed from curve 
fits to increasingly sparse spectra extracted from the 
as-measured spectra (Fig. 5b). The envelopes of fit- 
ted laser and total flow reactor line widths are indi- 
cated. 


the original spectrum. The temperature and velocity, 
which depend on Ak tot ^, deviate from their values at 

larger wavelength step sizes. Also plotted in Fig 7c is the 
leading amplitude parameter of the fitted arc jet line 
shape function; this factor is proportional to the integral 
of the excitation line shape and would be used for 
measurements of absolute species density. 8 Because the 
arc jet feature is appreciably wider than the flow reactor 
feature, it can be fitted successfully at larger effective 
wavelength step sizes. It is apparent that significant 
wavelength step size increases are possible without 


compromising the integrity of the curve fits. 

With a recorded spectrum of fixed length, the number of sparse spectra that can be extracted increases in propor- 
tion to the chosen wavelength step size. For example, five unique sparse spectra can be extracted when every fifth 
point in the original spectra are sampled, thus yielding a five-fold increase in the number of flow property measure- 
ments. All data points in the recorded spectrum are used, but only once. The 30 scan pairs of the test series were 
processed using this approach. Rather than only 2 to 6 independent property measurements per arc jet run, the num- 
ber of measurements increased to 10 to 30. While not large, these sample sizes are sufficient to apply an estimation 
method to determine the mean and the standard deviation of the mean (or standard error, o m ). Figure 8 shows the 
mean values of flow properties for each run. The error bars denote the ±2 o m uncertainties in the mean values com- 
puted from the sample populations. The average uncertainties for all 8 runs were ±1.4% and ±11%, respectively. 

Even larger sample sizes can be realized by increasing the total number of laser scans as well as increasing the 
spectral resolution (smaller wavelength step size) of a single laser scan. Efficient use of arc-on time dominates trade 
decisions in optimizing the data acquisition protocol. The control parameters are the wavelength step size and the 
number of pulses to average. Acquisition overhead (experiment control, data manipulation and transfer) adds to the 
time required to complete one scan. The data acquisition protocol can be optimized to balance the advantages, dis- 
advantages, and risks of few high resolution scan versus many lower resolution scans. 
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V. Conclusion 


Two photon absorption laser- induced fluorescence (TALIF) of atomic oxygen and nitrogen was used for single- 
point measurements of free stream temperature and velocity in the NASA Ames IHF arc jet. The measurements 
were obtained in a test series devoted to arc jet characterization. The measurements were acquired during 8 test runs 
at two facility operating conditions. A total of 30 TALIF excitation spectra pairs (arc jet and laboratory reference) 
were acquired during the test series. Curve fits to the spectra were performed to determine the Doppler widths and 
center transition wavelengths of a theoretical line shape function. The Doppler width and shift were used to compute 
the static temperature and velocity, respectively. Confidence limits of the fitted parameters were also propagated to 
estimate uncertainties of the flow properties. However, uncertainties from individual measurements do not relate to 
uncertainties in the average, or mean, of multiple measurements at the same nominal condition. Furthermore, the 
number of excitation scans per run was small (between 2 and 6), so the number of flow property pairs obtained from 
fitting each as-measured excitation scan was inadequate to establish meaningful statistics of the mean flow proper- 
ties for each run. To increase the number of independent flow property pairs obtained from each as-measured scan, 
multiple lower resolution spectra were extracted from one scan by sampling points from the scan at a fixed interval 
without reuse. An analysis of curve fits to extracted spectra of decreasing resolution was performed. The analysis 
indicated that a spectral resolution (sampled wavelength step size) less than the line width of the laboratory refer- 
ence was sufficient to obtain a viable curve fit. The 30 as-measured excitation spectra of the 8 -run data set were ana- 
lyzed at a factor of 5 decrease in resolution, thus increasing the number of independent flow property pairs obtained 
per run by a factor of 5. The larger population sample size enabled the mean property values and their uncertainties 
to be computed with greater confidence. The average ±2 a uncertainties in the mean velocities and temperatures for 
all 8 runs were ±1.4% and ±11%, respectively. The advantages of extracting multiple lower resolution spectra for 
increasing measurement sample size will motivate improvements to experimental procedures. 
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